Recording the electrical activity of multiple neurons simultaneously would greatly facilitate studies on the structure and function of neuronal circuits. Using fluorescent genetically encoded voltage indicators (GEVI) would be especially desirable, as it would allow cell type-selectivity, longitudinal recordings, and further optical manipulations. By expressing the GEVI ASAP3 via in utero electroporation and rapidly imaging neurons in densely labelled tissues via random-access multi-photon microscopy, we achieve voltage recording of multiple neurons in brain slice with single-trial single-voxel resolution. This approach enables monitoring of subthreshold membrane potential changes and action potentials from multiple locations in soma and dendrites for tens of minutes. By optically recording spontaneous electrical activities in somatosensory cortex neurons, we provide evidence for the development of intralaminar horizontal connections in layer 2/3 with greater sensitivity than calcium imaging. Single-trial optical voltage recordings using ASAP3 thus enables the investigation of network connectivity at cellular resolution.
Introduction
The precise recording of membrane voltage in multiple neurons is critical for understanding how the activity of neuronal circuits represent and process information, and thereby underlie brain function.
Traditionally measurements of neuronal activity have been performed using electrophysiology, which allows direct and accurate readout of voltage dynamics. Subsequently developed optical methods using fluorescent calcium indicators have enabled easier and less invasive recordings with better spatial resolution and larger target area 1, 2 . Over the last decade, optical imaging with genetically encoded calcium indicators (GECIs) such as GCaMPs has become the most prominent approach, enabling studies in sparsely labelled populations or in specific cell types [3] [4] [5] .
While imaging calcium demonstrates the advantages of optical imaging of neuronal activity, calcium is only a proxy of electrical activity and its dynamics are significantly slow. In contrast to GECIs, genetically encoded voltage indicators (GEVIs) can directly report neuronal electrical activity, but voltage imaging is extremely challenging compared with calcium imaging due to several intrinsic constraints. First, as voltage cortex. In mammalian cortex, neurons in layer (L) 2/3 have functional intralaminar horizontal connection and also connect with L4 neurons 28 , but development of these neuronal connections has not been fully understood at cellular resolution. Previous studies using electrophysiology 29 , photostimulation 30 and calcium imaging 31 demonstrated a negative correlation between horizontal distance of neuron pair and their correlation strength in L2/3 in adult mice, but a different study reported that network activity in L2/3 was highly synchronous during the first postnatal week and unsynchronized after the second postnatal week 27 .
Thus, the developmental changes in horizontal correlation in L2/3 of somatosensory cortex remain to be clarified. In this study, we monitored the spontaneous activity of L2/3 neurons in somatosensory cortex and investigated the spatial/functional relation between neurons during postnatal development, taking advantages of the high brightness and high sensitivity of ASAP3, relatively sparse but strong expression with IUE, and the high speed of RAMP.
Results
Following ASAP3 gene delivery to murine cerebral cortex via IUE (Fig. 1a ), we observed strong ASAP3 expression in many neurons in acute cortical slice preparations ( Fig. 1b and d) . We recorded spontaneous neuronal activity using a RAMP microscope from neurons with high ASAP3 expression levels by setting single recording voxels on the cell somata at a sampling frequency of 2 kHz ( Fig. 1c and d) . Large (>10%) and rapid AP-like fluorescence spikes (fAPs) were observed in one neuron (Fig. 1c, pink) , while a different nearby neuron was silent over the course of the recording (green), indicating that the optical spikes were not due to noise of the system. The strong sparse expression of ASAP3 and RAMP enabled optical readout of fast neuronal electrical activity in single trials even from a single voxel of neuronal soma. We refer to the combination of ASAP3, IUE and RAMP as AIR.
We next evaluated AIR's ability to detect spontaneous dendritic activity in acute slices. Spontaneous voltage signals were simultaneously recorded from soma and a dendrite of a single cell at a sampling frequency of 10 kHz ( Fig. 1e and f ). fAPs were observed in the dendrite with perfect synchronization to the somatic fAPs (JBSI = 1.0, Z = 5.39) with a 0.4-ms delay at the peak and reduced peak amplitudes (14.0 ± 2.5% at soma and 9.2 ± 2.9% at dendrite 33 µm from the soma; mean ± standard deviation (SD), n = 20 spikes; Fig. 1g ). This delay indicates that APs were first generated at or close to the soma and then back propagated to the dendrite. The reduction in the amplitude of fAPs can be attributed to the expected difference in amplitude of APs at soma and in dendrites 32 . This result indicates that AIR can report fast subcellular voltage changes of dendritic activity as well as in the soma in single trials to study intracellular membrane potential propagation.
We evaluated AIR's ability to monitor spontaneous activity from multiple neurons simultaneously in acute slice. It requires sufficient SNR for single-trial, single-voxel recording at high sampling rate. In example presented above, optical spikes were easily identified in the fluorescence intensity time course trace recorded at 10 kHz from 2 voxels, where dwell time for each voxel was less than 40 µs. Dwell time is important for good SNR. Thus, to record more neurons simultaneously with sufficient SNR, we reduced the sampling rate to 2 kHz to keep dwell time above tens of microseconds. At 2 kHz, spontaneous optical spikes could be clearly detected from multiple neurons without decrease in SNR. For example, in were observed ( Fig. 2f ). When the number of recorded neurons was further increased to 6, dwell time was about 72 µs and the SNR was still adequate (> 5) for detecting fAPs and subthreshold membrane potential changes (Supp. Fig. 1 ). Each fAP within high frequency bursts was clearly resolved, with the shortest interspike interval of 17 ms (Supp. Fig. 2 ). Taken together, these results indicate that AIR reliably reports fast spiking events and subthreshold events in soma and dendrites from multiple cells simultaneously in brain slices.
To faithfully detect neuronal activities with AIR high SNR is crucial, therefore we examined low-pass filter parameters as an effective way to reduce noise. Fluorescence trace containing 14 regular fAPs in Fig.   2c2 was filtered with a Butterworth low-pass filter cutting off at 6 -400 Hz (Fig. 2d ). The signal level (-△F/F) was linearly fitted with the common logarithm of filter frequency (-△F/F = + × *+ ( ), A and B are constants, v corresponds to frequency; Fig. 3b , left), and the noise level was well fitted with *+ ( ) by a power law (N/F = + × *+ ( ) /01 ; Fig. 3b , middle). The determined power of 0.502 ≈ 0.5 is well in agreement with a prediction 8 . The relationship between SNR and the filter cut-off frequency ( Fig. 2b , right) showed that optimal filtering should occur at 37 Hz to gain the largest SNR for this particular optical recording condition. We evaluated the optimal filter cut-off frequencies in fluorescence traces showing variety of firing patterns, e.g. regular (hatched box in Fig. 2c2 and Fig. 2e ) and burst ( Fig. 3a and b ) firing patterns, obtaining 50.8 ± 13.1 Hz (n = 6 neurons, firing both regular APs and bursts) as the mean optimal filter frequency. Thus, we used a Butterworth low-pass filter cut-off at 50 Hz in this study.
After filtering, the mean peak amplitude of fAPs (-△F/F) was 12.6 ± 0.9% and the SNR was 6.0 ± 0.6% (n = 12 neurons) in single trial recordings from single voxels. We observed no significant differences in peak amplitude and SNR between neuron groups that showed regular APs or AP bursts ( Fig. 3c , n = 6 neurons in each group). The filtering resulted in a millisecond-order spike-timing accuracy. Difference in spike timing in traces recorded from two different locations of the same cell body was 1.6 [interquartile ranges (IQR), 1, 2.8] ms, lower than calcium recording with RAMP in barrel cortex slices 33 . Lowering filter cut-off frequency below 50 Hz impacted temporal resolution due to over-filtering. Higher cut-off frequencies caused insufficient filtering with larger noise, resulting in larger temporal errors in peak detection ( Fig. S3 ).
Specific cortical layers can be selected for transfection by simply adjusting the timing of IUE.
Specifically, performing IUE at E13.5 leads to ASAP3 expression in L5 neurons, while IUE done at E14.5 enables voltage recording in L4 and L2/3 neurons. Fig. 4 shows examples of voltage recording in L5 neurons, while Fig. S4 shows voltage recording from L4 and L2/3 neurons. Sequential IUE has also been shown to be effective to express genes in multiple cortical layers 34 . Thus, AIR permits recording intralaminar and interlaminar neuronal activities.
Next we explored whether AIR could report voltage changes over long time courses. Because SNR is related to the square root of emission photon flux, SNR tended to decrease during long recordings due to photobleaching. A previous ASAP3 study that adopted ultrafast local volume (ULOVE) two-photon excitation reported a 22% photobleaching during the first 3 min of recording 7 . In this study we observed ~40% decrease in fluorescence during the first 3 min due to the small recording volume. Because photobleaching was limited to the vicinity of the recording spot, the recording voxel was moved to other locations of the same cell body every 2 min to maintain adequate SNR in long duration recordings. This suspended optical recordings for several seconds while the laser spot was moved to a new location. Fig. 4 shows an example of a long-duration recording: membrane potential changes of two neurons were tracked for 14 min in total, and fAPs were easily identified throughout the recording (Fig. 4b ). During the recording, the peak amplitude of fAPs tended to reduce by 7.8 ± 3.5% ( Fig. 4c ; p > 0.05, paired t-test, n = 7 neurons), while SNR reduced by 9.5 ± 2.7% (p < 0.05, paired t-test), but both were still sufficient for reliable peak detection (SNR14min = 5.4 ± 0.6). In one case we were able to monitor a neuron with AIR for 27 min with SNR above 5.
Taking the advantage of the ability to perform long-duration multi-cell recordings, we monitored neuronal activities in circuits with AIR to investigate correlation between neuron pairs in P16-17 somatosensory cortex by a synchrony analysis, in which we adopted a jitter-based method to detect significantly correlated neurons and to quantify the correlation 35 . In an example ( Fig. 5 ), neurons 1, 2 and 3 were correlated with each other, while neurons 4 and 5 fired a lot of spikes but had no significant correlation with other neurons.
Out of 106 pairs of L2/3 neurons from 13 mice that had more than 6 fAPs, 46 pairs were judged to be statistically correlated (p < 0.05), with considerable variability in correlation strength ( Fig. 6a ). Within the significantly correlated neuron pairs, neuron pairs with shorter horizontal distance tended to be more highly correlated ( Fig. 6b ), which is consistent with previous studies using electrophysiology 29 , photo-stimulation 30 , or calcium imaging 31 . Neuron pairs with shorter horizontal distance had shorter delay of correlation than pairs with longer distance (Fig. 6c ).
In somatosensory cortex, neurons in L2/3 have functional intralaminar horizontal connections and are also connected with L4 neurons 28 . However, the postnatal developmental time course of these neuronal connections has not yet been fully understood at cellular resolution. To investigate the development of neuron correlation in L2/3 of somatosensory cortex, we recorded spontaneous activities of multiple neurons simultaneously in acute slices from P7 to P17 mice, and analyzed activity correlations in all neuron pairs:
data was taken from all active neurons found in fields of view irrespective of how they correlated with each other (Fig. 7) . In slices from the youngest stage (P7-9), L2/3 neurons were rarely correlated ( Fig Distribution of the horizontal distance of all imaged neuron pairs did not differ much along the developmental stages ( Fig. 7a, right) . Therefore, the age-dependent increase in the correlation strength does not reflect a bias in distances between imaged neurons. These results thus suggest that somatosensory cortex L2/3 neurons increase in horizontal connection strength during the second postnatal week. This is consistent with previous electrophysiological studies 36,37 , with the AIR approach providing higher throughput with better spatial resolution.
We next asked whether the timing of intralaminar connectivity can be inferred from the time course of synaptic correlation. When neuron pairs with significant correlation were extracted, the correlation strength was within a similar range and did not show a developmental change ( Fig. 7b , left). However, the horizontal distance of the correlated pairs was very short at P7-9 ( Fig. 7b , right; 12 [10, 13] µm, n = 4), indicating that the L2/3 neurons are synaptically correlated only with adjacent neurons at this stage. In the later stages (P10-12 and P13-15), synaptically correlated L2/3 neurons were located further apart. Thus, the developmental increase in correlation strength when all neuron pairs were tested irrespective of correlation ( Fig. 7a , left) is attributed to increased correlation in distant neurons in late stages rather than increased correlation strength in each correlated neuron pair. This result is consistent with previous electrophysiology studies 36 , but with better spatial resolution.
A previous study using the chemical calcium indicator Oregon Green BAPTA (OGB) found that network activity in L2/3 and L4 of somatosensory cortex was more synchronized in postnatal week 1 than in week 2 27 . This seemingly different finding, however, may be due to differences in experimental systems. The previous study recorded neuronal activity in vivo with an intact thalamocortical (TC) circuit, which is crucial for synchronized activity in neonatal mice 38 . We desired to address only the question of horizontal connectivity within cortex, and thus used coronal cortical slices in which cortex and subcortical structures are disconnected 39 . Second, our ability to detect and precisely time individual spikes with ASAP3 allows for correlated sparse activity to be detected more efficiently than with OGB. Specifically, the earlier study reported that calcium imaging accurately detected bursts but missed 60% of single spikes 27 , which is consistent with another study finding OGB failing to detect at least 75% of active cells in somatosensory cortex under two-photon imaging 40 .
To determine if our ASAP3 traces were consistent with the OGB-based findings, we emulated calcium activity using our recorded spike data by removing different fractions of single spikes and performing normalized correlation coefficient (NCC) analysis as performed in the previous work 27 . When 100% or 60% of single APs were removed, pairwise correlations of neuron pairs were higher in early stages than late stages detection of distance-dependent correlation at these stages ( Fig. 6b ). Furthermore, cross-correlation analysis is sensitive to the difference in firing rates between neuron pairs and also to the change in the firing rate 35,41 .
In strongly bursting neuron pairs, the normalized correlation coefficient method tends to overestimate synchrony strength. As neurons in early developmental stage tend to fire in bursts ( Fig. 8c ), the overestimation of NCC would be more overt in early developmental stage than older stages. Our ASAP3 recording resolved not only APs in bursts but also single APs with high fidelity, and the jitter-based synchrony analysis is not affected by the firing rate difference between neurons and alterations in firing rate.
Thus, the ability to detect single APs and obtain their precise timings provides additional sensitivity for functional connectivity analysis.
Taken together, our results demonstrate the ability the AIR approach to characterize spontaneous neuronal activity correlations with greater throughput than electrophysiology and greater accuracy than calcium imaging.
Discussion
Through continuing development of voltage indicators and advances in microscopy methods, fast voltage imaging is increasingly coming to the forefront of neuroscience as a powerful tool complementary to calcium imaging and electrophysiology in dissecting neuronal circuits. Voltage imaging is easier to perform than electrophysiology, and it offers better temporal resolution than calcium imaging. Although widely anticipated, voltage imaging is less widespread than calcium imaging due to intrinsic constraints related to indicator targeting to the membrane and the fast nature of electrical signals. To overcome these limitations, we utilized a recently developed high-performance GEVI, ASAP3, and achieved high indicator expression in the mouse brain via IUE. To record ASAP3 signals, we used RAMP, which enables multiple cell recording with high sampling rates (2-10 kHz) by selectively scanning only locations containing the indicator. The combination of ASAP3, IUE and RAMP enabled simultaneous monitoring of electrical activity from multiple neurons in brain tissue over the course of tens of minutes. This permitted analysis of neuronal connectivity with better throughput than previously possible.
While IUE provides strong expression early in development, useful for this study, expression is reduced during growth of the animal because the transgenes are not integrated into genome. This drawback of IUE can be overcome with transposon expression system, such as Tol2 42 and piggyBac 43 by inserting the transgenes into the chromosome. PiggyBac transposon with IUE has been shown to be effective in long-term labeling in cerebral cortex 44 . We confirmed that PiggyBac transposon with IUE offers sufficient expressing level of ASAP3 in adult mice (Supp. Fig. 5 ). Thus, IUE may be a useful method for long-term expression of indicators in the brain, bypassing the need for intracranial viral injections in some cases.
Adding a Kv2.1 proximal retention and clustering segment to the C-terminus of GEVI results in enrichment of the indicator protein at the soma ,7,9,12,44 . This soma-targeting expression greatly reduces mixing signals from different cells, which is more crucial for one-photon voltage imaging but less for two-photon imaging.
Although cross-correlation analysis has been widely used in determining neuron activity synchronicity, many cross-correlation analysis methods that require spike trains following Poisson distribution have serious limitations when used in real spike trains. In this study, we used a Jitter-based method to compute the correlation between neurons with a well-normalized index, JBSI, which is applicable to any spike trains, without assuming specific firing statistics 35 . Using JBSI, which is not sensitive to mean firing rate or changes in local firing rate, we were able to compare strength of correlation among neuron pairs from different experiments. Although we only focused on excitatory correlations such as synaptic connections and common inputs, further analyses on inhibitory correlation and non-spiking activity would provide more information about neuronal circuits.
A negative correlation between horizontal distances of neuron pairs in L2/3 and their correlation strength after postnatal development had been observed in previous studies using electrophysiology 29 , photostimulation 30 , or calcium imaging 31 . Using ASAP3, we observed a similar negative correlation in P16-17 somatosensory cortex (Fig. 6b ). We then further investigated how pairwise neuron correlations in L2/3 of somatosensory cortex change during development. Previous studies have reported that P10-14 is critical for vertical connections between L4 to L2/3 37,45 and P13-16 is critical for horizontal connections in L2/3 36 with electrophysiological methods such as field-stimulation and/or field-recording. In this study, we observed an increase in pairwise correlations between the P7-9 and P13-15 periods (Fig. 7a, left) . Thus, this result raises additional evidence for a critical period in L2/3 connections.
In summary, we have demonstrated that the combination of ASAP3, IUE and RAMP was able to report voltage transients from multiple neurons in brain tissue at single-trial and at the single-voxel level, with a subcellular spatial resolution and millisecond-scale temporal resolution. In addition, we have shown that the AIR approach enables tracking spontaneous voltage dynamics, not only APs but also subthreshold events, in soma and dendrites simultaneously from multiple neurons. Long-duration recordings from multiple cells revealed spontaneous activity in somatosensory cortical L2/3 neurons and development of horizontal neuronal connection around the end of second postnatal week. We anticipate that the AIR approach will facilitate studies on the structure and function of neuronal circuits. with a forceps-type electrode (CUY650P5, Nepa Gene). After that, the uterine horn was returned to the abdominal cavity, and the same procedure was performed on uterine horn. Finally, the abdominal cavity was closed with sutures to allow the embryos to continue normal development. In this study, more than 90% embryos survived after delivery, and the plasmid was successfully transfected into more than 90% brains with strong expression.
Methods

Animals
Brain slice
The ASAP3-transfected mice were sacrificed at P7-P21 for slicing. Brains were sectioned coronally at 400 μm thickness in cooled cutting solution containing (in mM): 120 Choline-Cl, 26 NaHCO3, 8 MgCl2, 3 KCl, 1.25 NaH2PO4, and 20 glucose with a vibratome-type slicer (LinearSlicer Pro 7, Dosaka EM, Kyoto, Japan), and left to recover in low-K + -type artificial cerebrospinal fluid (ACSF, containing (in mM): NaCl 125, KCl 2.5, NaH2PO4 1.25, NaHCO3 26, MgCl2 1, CaCl2 2 and glucose 20, 310-315 mOsm, equilibrated with 95% O2/5% CO2) at room temperature (RT; 20-22˚C) for at least 1 h before transfer to a recording chamber. The slices were recorded within 5 hours after recovery. During recording, high-K + -type ACSF (difference from the low-K + -type ACSF was 122.5 mM NaCl and 5 mM KCl) was used instead, of which K + concentration is also popular in brain slice experiments.
Fast random-access two-photon voltage imaging in acute brain slices
A custom-built random-access two-photon microscope was used to perform voltage recording as described 17 . In brief, a femtosecond pulsed Ti:Sapphire laser (output = 600-700 mW, Tsunami, Spectra Physics Japan, Tokyo, Japan) was tuned at 900 nm. The laser beam passed through an acousto-optic modulator (AOM; MTS144-B47A15, AA Opto-Electronic, Orsay, Franc) to pre-compensate for spatial distortions introduced by the AODs, and then deflected by two orthogonal AODs (DTSXY-400-850.950, AA Opto-Electronic) to rapidly and randomly scan the field of view. The laser beam was passed through selectable high or low magnification light paths. The laser beam was focused on the sample using a 20× 1.0-N.A. water-immersion objective (XLUMPlan FL, Olympus, Tokyo, Japan) mounted on an upright microscope (BX51WI, Olympus). Emitted photons were collected by photomultiplier tubes (H7422PA-40, Hamamatsu Photonics, Hamamatsu, Japan) in the photon-counting mode after passing through a 500-550nm
band-pass filter. The time to move the laser beam between voxels in the field of view was 11.5 μs, regardless of the distance between the voxels. The sampling rate was set to 2-10 kHz. Estimated dimensions of laser spot was 3 μm for the axial axis with radius of 0.35/1.4 μm for high/low magnification 47 . All devices were controlled by TI Workbench, a custom-made software written by T.I 48 .
Acute cerebral slices were visualized in a chamber continuously superfused with the high-K + -type ACSF at RT under the two-photon microscope. ASAP3 expressing neurons were identified by two-photon excitation, and voltage recording was performed on bright neurons in the somatosensory cortex. In each neuron, recording points were chosen among bright points on the plasma membrane. Before starting the recording, ACSF was warmed to 33-35˚C as ASAP3 has approximately 4-fold faster kinetics at 33-35ºC than at RT 7 . For multi-cell recording, voltage recording was performed at 2 kHz with the low magnification light path. When recording spike propagation within neurons, voltage recording was performed at 10 kHz with the high magnification light path to increase spatiotemporal resolution. All devices were controlled and data were acquired with the TI Workbench software running on a Mac computer 48 .
Data analysis
For each optical trace, high-frequency noise was removed by low-pass Butterworth filter, and periods with shaky baseline were discarded. Then, APs were detected as fluorescence spikes in TI Workbench using a Schmitt trigger method 17 and kept exceeding SD for more than 2 ms, this data range was determined as a spike event (fAP) with peak amplitude and peak time as the maximum ΔF value within the period and time of the maximum ΔF, respectively. Noise level was defined as SD / Fbase(i), and SNR was calculated as SNR(i) = ΔF(i) / SD.
To determine the spike timing error of the optical recording, fluorescence signals were recorded at two locations of the same soma simultaneously, and the spike timing errors were determined as the peak time difference between the synchronized spikes recorded from the two locations.
Pairwise correlation of neuron pairs was evaluated by a jitter-based synchrony analysis 35 . In particular,
Jitter-based Z-score was calculated from each pair of spike trains derived from multi-cell recordings of spontaneous activity, determining whether the correlation of two spike trains was statistically significant. The Jitter-based Z-score was calculated as: Neuron pairs that had more than 6 synchronous spikes were used for analysis of correlation lag. For each pair, correlation lag was determined as the mean of time difference between synchronous spikes. For display in the figures, fluorescence intensity traces were filtered and corrected for photobleaching and normalized to baseline using Igor Pro (WaveMetrics, Portland, OR, USA). The procedures were shown in fig.1c . First, the raw traces ( Fig. 1c top, lighter traces) were filtered with 50 Hz Butterworth low-pass filter ( Fig. 1c top, darker traces show the filtered data). Then, the filtered traces were fitted with a double or single exponential function (Fig. 1c, top, black traces) . Optical traces with initial rapid photobleaching were fitted well with a double exponential function (e.g. the pink trace), and slow photobleaching traces were fitted well with a single exponential function (e.g. the green trace). Finally, the filtered optical traces were corrected for photobleaching and normalized by dividing the traces by the fit function (Fig. 1c, bottom) .
recorded striatal spiny neurons in vivo. Nature 394, 475-478 (1998 respectively). Left, synchrony index was similar among the stages. Right, the horizontal distance of neuron pairs at P7-9 was much shorter than other stages, and that at P10-12 was also shorter than P13-15. 
